Cross section and transverse single-spin asymmetry of muons from open
  heavy-flavor decays in polarized $p$+$p$ collisions at $\sqrt{s}=200$ GeV by Aidala, C. et al.
Cross section and transverse single-spin asymmetry of muons from open heavy-flavor
decays in polarized p+p collisions at
√
s = 200 GeV
C. Aidala,39, 43 N.N. Ajitanand,61 Y. Akiba,56, 57, ∗ R. Akimoto,12 J. Alexander,61 M. Alfred,24 K. Aoki,32, 56
N. Apadula,29, 62 H. Asano,35, 56 E.T. Atomssa,62 T.C. Awes,52 C. Ayuso,43 B. Azmoun,7 V. Babintsev,25
A. Bagoly,17 M. Bai,6 X. Bai,11 B. Bannier,62 K.N. Barish,8 S. Bathe,5, 57 V. Baublis,55 C. Baumann,7
S. Baumgart,56 A. Bazilevsky,7 M. Beaumier,8 R. Belmont,13, 67 A. Berdnikov,59 Y. Berdnikov,59 D. Black,8
D.S. Blau,34 M. Boer,39 J.S. Bok,50 K. Boyle,57 M.L. Brooks,39 J. Bryslawskyj,5, 8 H. Buesching,7
V. Bumazhnov,25 C. Butler,21 S. Butsyk,49 S. Campbell,14, 29 V. Canoa Roman,62 C.-H. Chen,57 C.Y. Chi,14
M. Chiu,7 I.J. Choi,26 J.B. Choi,10, † S. Choi,60 P. Christiansen,40 T. Chujo,66 V. Cianciolo,52 B.A. Cole,14
M. Connors,21, 57 N. Cronin,44, 62 N. Crossette,44 M. Csana´d,17 T. Cso¨rgo˝,18, 69 T.W. Danley,51 A. Datta,49
M.S. Daugherity,1 G. David,7 K. DeBlasio,49 K. Dehmelt,62 A. Denisov,25 A. Deshpande,57, 62 E.J. Desmond,7
L. Ding,29 J.H. Do,70 L. D’Orazio,41 O. Drapier,36 A. Drees,62 K.A. Drees,6 M. Dumancic,68 J.M. Durham,39
A. Durum,25 T. Elder,18, 21 T. Engelmore,14 A. Enokizono,56, 58 S. Esumi,66 K.O. Eyser,7 B. Fadem,44
W. Fan,62 N. Feege,62 D.E. Fields,49 M. Finger,9 M. Finger, Jr.,9 F. Fleuret,36 S.L. Fokin,34 J.E. Frantz,51
A. Franz,7 A.D. Frawley,20 Y. Fukao,32 Y. Fukuda,66 T. Fusayasu,46 K. Gainey,1 C. Gal,62 P. Garg,3, 62
A. Garishvili,64 I. Garishvili,38 H. Ge,62 F. Giordano,26 A. Glenn,38 X. Gong,61 M. Gonin,36 Y. Goto,56, 57
R. Granier de Cassagnac,36 N. Grau,2 S.V. Greene,67 M. Grosse Perdekamp,26 Y. Gu,61 T. Gunji,12 H. Guragain,21
T. Hachiya,57 J.S. Haggerty,7 K.I. Hahn,19 H. Hamagaki,12 S.Y. Han,19 J. Hanks,62 S. Hasegawa,30
T.O.S. Haseler,21 K. Hashimoto,56, 58 R. Hayano,12 X. He,21 T.K. Hemmick,62 T. Hester,8 J.C. Hill,29
K. Hill,13 R.S. Hollis,8 K. Homma,23 B. Hong,33 T. Hoshino,23 N. Hotvedt,29 J. Huang,7, 39 S. Huang,67
T. Ichihara,56, 57 Y. Ikeda,56 K. Imai,30 Y. Imazu,56 J. Imrek,16 M. Inaba,66 A. Iordanova,8 D. Isenhower,1
A. Isinhue,44 Y. Ito,47 D. Ivanishchev,55 B.V. Jacak,62 S.J. Jeon,45 M. Jezghani,21 Z. Ji,62 J. Jia,7, 61 X. Jiang,39
B.M. Johnson,7, 21 K.S. Joo,45 V. Jorjadze,62 D. Jouan,53 D.S. Jumper,26 J. Kamin,62 S. Kanda,12, 32 B.H. Kang,22
J.H. Kang,70 J.S. Kang,22 D. Kapukchyan,8 J. Kapustinsky,39 S. Karthas,62 D. Kawall,42 A.V. Kazantsev,34
J.A. Key,49 V. Khachatryan,62 P.K. Khandai,3 A. Khanzadeev,55 K.M. Kijima,23 C. Kim,8, 33 D.J. Kim,31
E.-J. Kim,10 M. Kim,60 M.H. Kim,33 Y.-J. Kim,26 Y.K. Kim,22 D. Kincses,17 E. Kistenev,7 J. Klatsky,20
D. Kleinjan,8 P. Kline,62 T. Koblesky,13 M. Kofarago,17, 69 B. Komkov,55 J. Koster,57 D. Kotchetkov,51
D. Kotov,55, 59 F. Krizek,31 S. Kudo,66 K. Kurita,58 M. Kurosawa,56, 57 Y. Kwon,70 R. Lacey,61 Y.S. Lai,14
J.G. Lajoie,29 E.O. Lallow,44 A. Lebedev,29 D.M. Lee,39 G.H. Lee,10 J. Lee,19, 63 K.B. Lee,39 K.S. Lee,33
S.H. Lee,62 M.J. Leitch,39 M. Leitgab,26 Y.H. Leung,62 B. Lewis,62 N.A. Lewis,43 X. Li,11 X. Li,39 S.H. Lim,39, 70
L. D. Liu,54 M.X. Liu,39 V.-R. Loggins,26 S. Lokos,17 D. Lynch,7 C.F. Maguire,67 T. Majoros,16 Y.I. Makdisi,6
M. Makek,68, 71 M. Malaev,55 A. Manion,62 V.I. Manko,34 E. Mannel,7 H. Masuda,58 M. McCumber,13, 39
P.L. McGaughey,39 D. McGlinchey,13, 20 C. McKinney,26 A. Meles,50 M. Mendoza,8 B. Meredith,26 W.J. Metzger,18
Y. Miake,66 T. Mibe,32 A.C. Mignerey,41 D.E. Mihalik,62 A. Milov,68 D.K. Mishra,4 J.T. Mitchell,7
G. Mitsuka,57 S. Miyasaka,56, 65 S. Mizuno,56, 66 A.K. Mohanty,4 S. Mohapatra,61 T. Moon,70 D.P. Morrison,7
S.I.M. Morrow,67 M. Moskowitz,44 T.V. Moukhanova,34 T. Murakami,35, 56 J. Murata,56, 58 A. Mwai,61 T. Nagae,35
K. Nagai,65 S. Nagamiya,32, 56 K. Nagashima,23 T. Nagashima,58 J.L. Nagle,13 M.I. Nagy,17 I. Nakagawa,56, 57
H. Nakagomi,56, 66 Y. Nakamiya,23 K.R. Nakamura,35, 56 T. Nakamura,56 K. Nakano,56, 65 C. Nattrass,64
P.K. Netrakanti,4 M. Nihashi,23, 56 T. Niida,66 R. Nouicer,7, 57 T. Nova´k,18, 69 N. Novitzky,31, 62 R. Novotny,15
A.S. Nyanin,34 E. O’Brien,7 C.A. Ogilvie,29 H. Oide,12 K. Okada,57 J.D. Orjuela Koop,13 J.D. Osborn,43
A. Oskarsson,40 K. Ozawa,32, 66 R. Pak,7 V. Pantuev,27 V. Papavassiliou,50 I.H. Park,19, 63 J.S. Park,60
S. Park,56, 60, 62 S.K. Park,33 S.F. Pate,50 L. Patel,21 M. Patel,29 J.-C. Peng,26 W. Peng,67 D.V. Perepelitsa,7, 13, 14
G.D.N. Perera,50 D.Yu. Peressounko,34 C.E. PerezLara,62 J. Perry,29 R. Petti,7, 62 M. Phipps,7, 26 C. Pinkenburg,7
R.P. Pisani,7 A. Pun,51 M.L. Purschke,7 H. Qu,1 P.V. Radzevich,59 J. Rak,31 I. Ravinovich,68 K.F. Read,52, 64
D. Reynolds,61 V. Riabov,48, 55 Y. Riabov,55, 59 E. Richardson,41 D. Richford,5 T. Rinn,29 N. Riveli,51
D. Roach,67 S.D. Rolnick,8 M. Rosati,29 Z. Rowan,5 J. Runchey,29 M.S. Ryu,22 B. Sahlmueller,62 N. Saito,32
T. Sakaguchi,7 H. Sako,30 V. Samsonov,48, 55 M. Sarsour,21 K. Sato,66 S. Sato,30 S. Sawada,32 B. Schaefer,67
B.K. Schmoll,64 K. Sedgwick,8 J. Seele,57 R. Seidl,56, 57 Y. Sekiguchi,12 A. Sen,21, 29, 64 R. Seto,8 P. Sett,4
A. Sexton,41 D. Sharma,62 A. Shaver,29 I. Shein,25 T.-A. Shibata,56, 65 K. Shigaki,23 M. Shimomura,29, 47 K. Shoji,56
P. Shukla,4 A. Sickles,7, 26 C.L. Silva,39 D. Silvermyr,40, 52 B.K. Singh,3 C.P. Singh,3 V. Singh,3 M. J. Skoby,43
M. Skolnik,44 M. Slunecˇka,9 K.L. Smith,20 S. Solano,44 R.A. Soltz,38 W.E. Sondheim,39 S.P. Sorensen,64
I.V. Sourikova,7 P.W. Stankus,52 P. Steinberg,7 E. Stenlund,40 M. Stepanov,42, † A. Ster,69 S.P. Stoll,7
ar
X
iv
:1
70
3.
09
33
3v
2 
 [h
ep
-ex
]  
18
 A
pr
 20
17
2M.R. Stone,13 T. Sugitate,23 A. Sukhanov,7 J. Sun,62 S. Syed,21 A. Takahara,12 A Takeda,47 A. Taketani,56, 57
Y. Tanaka,46 K. Tanida,30, 57, 60 M.J. Tannenbaum,7 S. Tarafdar,3, 67, 68 A. Taranenko,48, 61 G. Tarnai,16
E. Tennant,50 R. Tieulent,21 A. Timilsina,29 T. Todoroki,56, 66 M. Toma´sˇek,15, 28 H. Torii,12 C.L. Towell,1
R.S. Towell,1 I. Tserruya,68 Y. Ueda,23 B. Ujvari,16 H.W. van Hecke,39 M. Vargyas,17, 69 S. Vazquez-Carson,13
E. Vazquez-Zambrano,14 A. Veicht,14 J. Velkovska,67 R. Ve´rtesi,69 M. Virius,15 V. Vrba,15, 28 E. Vznuzdaev,55
X.R. Wang,50, 57 Z. Wang,5 D. Watanabe,23 K. Watanabe,56, 58 Y. Watanabe,56, 57 Y.S. Watanabe,12, 32 F. Wei,50
S. Whitaker,29 S. Wolin,26 C.P. Wong,21 C.L. Woody,7 M. Wysocki,52 B. Xia,51 C. Xu,50 Q. Xu,67
Y.L. Yamaguchi,12, 57, 62 A. Yanovich,25 P. Yin,13 S. Yokkaichi,56, 57 J.H. Yoo,33 I. Yoon,60 Z. You,39
I. Younus,37, 49 H. Yu,50, 54 I.E. Yushmanov,34 W.A. Zajc,14 A. Zelenski,6 S. Zharko,59 S. Zhou,11 and L. Zou8
(PHENIX Collaboration)
1Abilene Christian University, Abilene, Texas 79699, USA
2Department of Physics, Augustana University, Sioux Falls, South Dakota 57197, USA
3Department of Physics, Banaras Hindu University, Varanasi 221005, India
4Bhabha Atomic Research Centre, Bombay 400 085, India
5Baruch College, City University of New York, New York, New York, 10010 USA
6Collider-Accelerator Department, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
7Physics Department, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
8University of California-Riverside, Riverside, California 92521, USA
9Charles University, Ovocny´ trh 5, Praha 1, 116 36, Prague, Czech Republic
10Chonbuk National University, Jeonju, 561-756, Korea
11Science and Technology on Nuclear Data Laboratory, China Institute
of Atomic Energy, Beijing 102413, People’s Republic of China
12Center for Nuclear Study, Graduate School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan
13University of Colorado, Boulder, Colorado 80309, USA
14Columbia University, New York, New York 10027 and Nevis Laboratories, Irvington, New York 10533, USA
15Czech Technical University, Zikova 4, 166 36 Prague 6, Czech Republic
16Debrecen University, H-4010 Debrecen, Egyetem te´r 1, Hungary
17ELTE, Eo¨tvo¨s Lora´nd University, H-1117 Budapest, Pa´zma´ny P. s. 1/A, Hungary
18Eszterha´zy Ka´roly University, Ka´roly Ro´bert Campus, H-3200 Gyn¨gyo¨s, Ma´trai u´t 36, Hungary
19Ewha Womans University, Seoul 120-750, Korea
20Florida State University, Tallahassee, Florida 32306, USA
21Georgia State University, Atlanta, Georgia 30303, USA
22Hanyang University, Seoul 133-792, Korea
23Hiroshima University, Kagamiyama, Higashi-Hiroshima 739-8526, Japan
24Department of Physics and Astronomy, Howard University, Washington, DC 20059, USA
25IHEP Protvino, State Research Center of Russian Federation, Institute for High Energy Physics, Protvino, 142281, Russia
26University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
27Institute for Nuclear Research of the Russian Academy of Sciences, prospekt 60-letiya Oktyabrya 7a, Moscow 117312, Russia
28Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2, 182 21 Prague 8, Czech Republic
29Iowa State University, Ames, Iowa 50011, USA
30Advanced Science Research Center, Japan Atomic Energy Agency, 2-4
Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan
31Helsinki Institute of Physics and University of Jyva¨skyla¨, P.O.Box 35, FI-40014 Jyva¨skyla¨, Finland
32KEK, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan
33Korea University, Seoul, 136-701, Korea
34National Research Center “Kurchatov Institute”, Moscow, 123098 Russia
35Kyoto University, Kyoto 606-8502, Japan
36Laboratoire Leprince-Ringuet, Ecole Polytechnique, CNRS-IN2P3, Route de Saclay, F-91128, Palaiseau, France
37Physics Department, Lahore University of Management Sciences, Lahore 54792, Pakistan
38Lawrence Livermore National Laboratory, Livermore, California 94550, USA
39Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
40Department of Physics, Lund University, Box 118, SE-221 00 Lund, Sweden
41University of Maryland, College Park, Maryland 20742, USA
42Department of Physics, University of Massachusetts, Amherst, Massachusetts 01003-9337, USA
43Department of Physics, University of Michigan, Ann Arbor, Michigan 48109-1040, USA
44Muhlenberg College, Allentown, Pennsylvania 18104-5586, USA
45Myongji University, Yongin, Kyonggido 449-728, Korea
46Nagasaki Institute of Applied Science, Nagasaki-shi, Nagasaki 851-0193, Japan
47Nara Women’s University, Kita-uoya Nishi-machi Nara 630-8506, Japan
48National Research Nuclear University, MEPhI, Moscow Engineering Physics Institute, Moscow, 115409, Russia
49University of New Mexico, Albuquerque, New Mexico 87131, USA
350New Mexico State University, Las Cruces, New Mexico 88003, USA
51Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701, USA
52Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
53IPN-Orsay, Univ. Paris-Sud, CNRS/IN2P3, Universite´ Paris-Saclay, BP1, F-91406, Orsay, France
54Peking University, Beijing 100871, People’s Republic of China
55PNPI, Petersburg Nuclear Physics Institute, Gatchina, Leningrad region, 188300, Russia
56RIKEN Nishina Center for Accelerator-Based Science, Wako, Saitama 351-0198, Japan
57RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
58Physics Department, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima, Tokyo 171-8501, Japan
59Saint Petersburg State Polytechnic University, St. Petersburg, 195251 Russia
60Department of Physics and Astronomy, Seoul National University, Seoul 151-742, Korea
61Chemistry Department, Stony Brook University, SUNY, Stony Brook, New York 11794-3400, USA
62Department of Physics and Astronomy, Stony Brook University, SUNY, Stony Brook, New York 11794-3800, USA
63Sungkyunkwan University, Suwon, 440-746, Korea
64University of Tennessee, Knoxville, Tennessee 37996, USA
65Department of Physics, Tokyo Institute of Technology, Oh-okayama, Meguro, Tokyo 152-8551, Japan
66Center for Integrated Research in Fundamental Science and Engineering, University of Tsukuba, Tsukuba, Ibaraki 305, Japan
67Vanderbilt University, Nashville, Tennessee 37235, USA
68Weizmann Institute, Rehovot 76100, Israel
69Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Hungarian
Academy of Sciences (Wigner RCP, RMKI) H-1525 Budapest 114, POBox 49, Budapest, Hungary
70Yonsei University, IPAP, Seoul 120-749, Korea
71Department of Physics, Faculty of Science, University of Zagreb, Bijenicˇka c. 32 HR-10002 Zagreb, Croatia
(Dated: April 19, 2017)
The cross section and transverse single-spin asymmetries of µ− and µ+ from open heavy-flavor
decays in polarized p+p collisions at
√
s = 200 GeV were measured by the PHENIX experiment
during 2012 at the Relativistic Heavy Ion Collider. Because heavy-flavor production is dominated by
gluon-gluon interactions at
√
s = 200 GeV, these measurements offer a unique opportunity to obtain
information on the trigluon correlation functions. The measurements are performed at forward
and backward rapidity (1.4 < |y| < 2.0) over the transverse momentum range of 1.25 < pT < 7
GeV/c for the cross section and 1.25 < pT < 5 GeV/c for the asymmetry measurements. The
obtained cross section is compared to a fixed-order-plus-next-to-leading-log perturbative-quantum-
chromodynamics calculation. The asymmetry results are consistent with zero within uncertainties,
and a model calculation based on twist-3 three-gluon correlations agrees with the data.
I. INTRODUCTION
Transverse single-spin asymmetry (TSSA) phenomena
have gained substantial attention in both experimental
and theoretical studies in recent years. The existence
of TSSAs has been well established in the production
of light mesons at forward rapidity in transversely po-
larized p+p collisions at energies ranging from the Zero
Gradient Synchrotron up to the Relativistic Heavy Ion
Collider (RHIC). Surprisingly large but oppositely-signed
TSSA results were first observed in pi+ and pi− pro-
duction at large Feynman-x (xF ) in transversely polar-
ized p+p collisions at
√
s = 4.9 GeV [1]. These results
surprised the quantum-chromodynamics (QCD) commu-
nity because they disagreed with the expectation from
the naive perturbative QCD of very small spin asymme-
tries [2]. The large TSSA of pion production has been
subsequently observed in hadronic collisions over a range
of energies extending up to
√
s = 500 GeV for pi0 (
√
s =
200 GeV for pi±) [3–12]. Furthermore, TSSA in η me-
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son production has also been studied at forward rapid-
ity [13, 14]. The results are consistent with the observed
pi0 asymmetries at various energies in the overlapping xF
regions. Two theoretical formalisms within the perturba-
tive QCD framework have been proposed to explain the
origin of these large TSSAs at forward rapidity. Both
formalisms connect the TSSA to the transverse motion
of the partons inside the transversely-polarized nucleon
and/or to spin-dependent quark fragmentation.
One framework is based on the transverse-momentum-
dependent (TMD) parton distribution and fragmenta-
tion functions, called TMD factorization. The initial
state contributions are originating from the Sivers func-
tion [15, 16], which describes the correlation between the
transverse spin of the nucleon and the parton transverse
momentum in the initial state. The final state contri-
bution originates from the quark transversity distribu-
tion and the Collins [17] fragmentation function, which
describes the fragmentation of a transversely polarized
quark into a final state hadron with nonzero transverse
momentum relative to the parton direction. This frame-
work requires two observed scales where only one needs
to be hard and both effects have been observed in SIDIS
measurements [18, 19]. However, TMD factorization can-
not be used in the interpretation of hadron production
4in p+p collisions as only one hard scale is available [20].
A second framework, applicable to our study, follows
the QCD collinear factorization approach. The collinear,
higher-twist effects become more important in generat-
ing a large TSSA when there is only one observed mo-
mentum scale that is much larger than the nonperturba-
tive hadronic scale ΛQCD ≈ 200 MeV [21, 22]. A large
TSSA can be generated from the twist-3, transverse-spin-
dependent, multi-parton correlation functions in the ini-
tial state or fragmentation functions in the final state.
At RHIC energies, gluon-gluon interaction processes
dominate heavy quark production [23], so heavy quarks
serve to isolate the gluon contribution to the asymme-
tries. PHENIX has measured the TSSA (AN ) of J/ψ
in central and forward rapidity [24]. Theoretical predic-
tions of the J/ψ single-spin asymmetry are complicated
by the lack of good understanding of J/ψ production
mechanism [25]. In addition, there are feed-down con-
tributions from higher resonance states in inclusive J/ψ
production [26]. On the other hand, the effect of pure
gluonic correlation functions on D-meson production in
transversely polarized p+p collisions has been extensively
studied within the twist-3 mechanism in the framework
of collinear factorization [27, 28]. However, it is difficult
to constrain the trigluon correlation functions due to the
lack of experimental results. Future measurements in-
cluding D-meson production are proposed at the Large
Hadron Collider [29].
This paper reports on measurements of the cross sec-
tion and TSSA for muons from open heavy-flavor de-
cays in polarized p+p collisions at
√
s = 200 GeV. Re-
sults are presented for muons from semi-leptonic decays
of open heavy-flavor hadrons, mainly D → µ + X and
B → µ + X, in the forward and backward rapidity re-
gions (1.4 < |y| < 2.0); the accessible momentum frac-
tion of gluons in the proton is 0.0125–0.0135 and 0.08–
0.14 in the backward (xF < 0) and forward (xF > 0)
regions with respect to the polarized beam direction, re-
spectively. Sec. II describes the RHIC polarized proton
beams and the PHENIX experimental setup. The de-
tailed analysis of muons from open heavy-flavor, includ-
ing cross sections and TSSAs, will be described in Sec. III
and the results will be presented in Sec. IV. Finally, a dis-
cussion of the results and their possible implications will
be provided in Sec. V.
II. EXPERIMENTAL SETUP
A. The PHENIX experiment
The PHENIX detector comprises two central arms at
midrapidity and two muon arms at forward and backward
rapidity [30]. As shown in Fig. 1, two muon spectrome-
ters cover the full azimuthal angle in the pseudorapidity
range 1.2 < η < 2.4 (north arm) and −2.2 < η < −1.2
(south arm). In front of each muon arm, there is about
7 interaction lengths (λI) of copper-and-iron absorber
FIG. 1. Side view of the PHENIX detector in the 2012 run
which provides a rejection factor of 1000 for charged pi-
ons, and an additional stainless-steel absorber (2 λI in
total) installed in 2011 contributes to further suppress
hadronic background [31, 32]. Each muon arm has three
stations of cathode strip chambers, muon tracker (MuTr),
for momentum measurement and five layers (labeled from
Gap0 to Gap4) of proportional tube planes, muon iden-
tifier (MuID), for muon identification. Each MuID gap
comprises a plane of absorber (∼ 1λI) and two planes of
Iarrocci tubes whose orientation is along either the hori-
zontal or the vertical direction in each plane. The MuID
also provides a trigger for events containing one or more
muon candidates.
The minimum bias (MB) trigger is provided by the
beam-beam counters (BBC) [33], which comprise two ar-
rays of 64 quartz Cˇerenkov detectors to detect charged
particles at high pseudorapidity. Each detector is located
at z = ±144 cm from the interaction point, and covers
the pseudorapidity range 3.1 < |η| < 3.9. The BBC also
determines the collision-vertex position (zvtx) along the
beam axis, with a resolution of roughly 2 cm in p+p col-
lisions.
B. RHIC polarized beams
RHIC is a unique, polarized p+p collider located at
Brookhaven National Laboratory. RHIC comprises two
counter-circulating storage rings, in each of which as
many as 120 polarized-proton bunches can be accelerated
to a maximum energy of 255 GeV per proton.
In the 2012 run, the beam injected into RHIC typi-
cally consisted of 109 filled bunches in each ring. The
bunches collided with a one-to-one correspondence with
a 106 ns separation. Pre-defined polarization patterns
for every 8 bunches were changed fill-by-fill in order to
reduce systematic effects. Two polarimeters are used to
determine the beam polarizations. One is a hydrogen-jet
polarimeter, which takes several hours to measure the
absolute polarization [34]. The other is a fast, proton-
carbon polarimeter which measures relative changes in
5the magnitude of the polarization and any variations
across the transverse profile of the beam several times per
fill [35, 36]. During the
√
s = 200 GeV run in 2012, the
polarization direction in the PHENIX interaction region
was transverse. The average clockwise-beam (known as
blue beam) polarization for the data used in this analysis
was P = 0.64±0.03, and the average counter-clockwise-
beam (yellow beam) polarization was P = 0.59±0.03.
There is a 3.4% global scale uncertainty in the measured
AN due to the polarization uncertainty.
III. DATA ANALYSIS
A. Data set
We analyzed a data set from transversely polarized
p+p collisions at
√
s = 200 GeV collected with the
PHENIX detector in 2012 with an integrated luminos-
ity of 9.2 pb−1. These data have been recorded by us-
ing the MuID trigger in coincidence with the BBC trig-
ger. The BBC trigger requires at least one hit in both
BBCs. The BBC trigger efficiency for MB p+p events
(events containing muons from open heavy-flavor) is 55%
(79%) [37] with the van der Meer scan technique [38].
The MuID trigger serves to select events containing at
least one MuID track reaching Gap3 or Gap4.
B. Yield of muons from open heavy-flavor
PHENIX has reported several measurements of muons
from open heavy-flavor decays in various collision sys-
tems [39, 40]. Similar methods developed in the previ-
ous analyses for background estimation are used in this
analysis. Due to the benefit of the additional absorber
material, the measurement of positively-charged muons
from open heavy-flavor decays is possible in PHENIX for
the first time with these data.
1. Muon-candidate selection
We choose tracks penetrating through all the MuID
gaps as good muon candidates from events for which
the BBC z-vertex is within ±25 cm. Track quality cuts,
shown in Table I, are also required to reject background
tracks. DG0 is the distance between the projected posi-
tions of a MuTr track and a MuID track at the z position
of the MuID Gap0. DDG0 is the angular difference be-
tween the two projected positions used in the DG0. rref
is the distance between the interaction point and a pro-
jected position of a MuID track at z = 0. p·(θMuTr−θvtx)
is the polar scattering angle of a track inside the absorber
scaled by the momentum, where θvtx is the angle at the
vertex and θMuTr is the angle at the MuTr Station 1. Two
cuts, on p · (θMuTr− θvtx) and χ2 at zvtx, are effective for
rejecting tracks suffering from large multiple scattering
or decaying to muons inside the absorber. Track quality
cuts are determined with the help of a Monte Carlo sim-
ulation with geant4 [41]; the cut values vary with the
momentum of the track.
TABLE I. Track selection cuts used in this analysis. Cut
values vary with the pT of track; those shown here are for the
lowest-pT bin (1.25 < pT < 1.5 GeV/c).
DG0 < 20 cm (South), 10 cm (North)
DDG0 < 8 deg.
rref < 125 cm
number of hits in MuTr > 12, χ2MuTr/ndf < 10
number of hits in MuID > 6, χ2MuID/ndf < 5
p · (θMuTr − θvtx) < 0.2 rad ·GeV/c
χ2 of track projection to zvtx < 4
In this analysis, we also use tracks that stopped at
MuID Gap3 for background estimation, although these
tracks are not considered as muon candidates. After ap-
plying a proper pz cut (pz ∼ 3.8 GeV/c), we obtain a data
sample enriched in hadrons (called stopped hadrons) [39].
These tracks are used to determine the punch-through
hadron background which arises from hadrons traversing
through all MuID layers without decay; this background
is described in more detail in the next section.
2. Background estimation
The primary sources of background tracks are charged
pions and kaons. Decay muons from pi± and K± are
the dominant background for pT < 5 GeV/c, while
the fraction of punch-through hadrons becomes larger
at pT > 5 GeV/c. Another background component is
muons from J/ψ decays. The contribution from J/ψ
decay is small in the low-pT region but increases up
to 20% of muons from inclusive heavy-flavor decays at
pT ∼ 5 GeV/c. Backgrounds from light resonances (φ,
ρ, and ω) or other quarkonium states (χc, ψ
′, and Υ) are
negligible [39, 42]. Therefore, the number of muons from
open heavy-flavor decays is obtained as,
NHF = Nincl/εtrig −NDM −NPH −NJ/ψ→µ, (1)
where NHF is the number of muons from open heavy-
flavor decays, Nincl is the number of muon candidates
passing through all track quality cuts in Table I, εtrig is
the trigger efficiency of the MuID trigger, NDM is the es-
timated number of decay muons from pi± and K±, NPH
is the estimated number of punch-through hadrons, and
NJ/ψ→µ is the estimated number of muons from J/ψ de-
cay. The trigger efficiency correction should be taken
into account before subtracting the background, because
the simulation of the backgrounds does not include any
inefficiency of the MuID trigger. The MuID trigger effi-
ciency is evaluated with data by measuring the fraction of
6MUID triggers in non-MUID triggered events containing
tracks at MuID Gap3 or Gap4.
To estimate the hadronic background (NDM and NPH),
the hadron-cocktail method, developed for the previous
analysis [39, 42], is used. Initial particle distributions
for the hadron-cocktail simulation are estimated from
measurements of charged pions and kaons at midrapid-
ity [43, 44]. The pythia event generator [45] is used
to extrapolate the pT spectra at midrapidity to the for-
ward rapidity region. To obtain enough statistics of re-
constructed tracks in the high-pT region, a p
3
T weight is
applied to the estimated pT spectra for the simulation
and the simulation output is reweighted by 1/p3T for a
proper comparison with the data. Based on these initial
hadron distributions, a full chain of detector simulation
with geant4 [41] and track reconstruction is performed.
Due to uncertainties in the estimation of input distribu-
tions and hadron-shower simulation with the thick ab-
sorber in front of the MuTr, an additional, data-driven,
tuning procedure of the simulation is needed to determine
the background more precisely. Two methods, described
below, are used to tune the hadron-cocktail simulation:
Normalized zvtx distribution:: The zvtx distribution
of tracks (dNµ/dzvtx) normalized by the zvtx distri-
bution of MB events (dNevt/dzvtx) provides a good
constraint on the decay muon background. Because
the distance from zvtx to the front absorber is rel-
atively short compared to the decay length of pi±
and K±, the production of decay muons shows a
linear dependence on zvtx. Therefore, the number
of decay muons can be estimated by matching the
slope in the normalized zvtx distribution at MuID
Gap4 for each pT bin. More details are described
in [39].
Stopped hadrons:: Hadrons stopping at MuID Gap3
can be removed with an appropriate momentum
cut (pz ∼ 3.8 GeV/c) as described in the previ-
ous section. The remaining stopped muons are less
than 10% in the tracks at MuID Gap3, based on
the simulation study. The punch-through hadron
background at the last MuID gap can be estimated
by matching the pT distribution of stopped hadrons
at MuID Gap3.
After tuning the hadron-cocktail simulation, the de-
cay muons (NDM) from the normalized zvtx distribution
matching and the punch-through hadrons (NPH) from
the stopped-hadron matching are combined for the final
estimate of the background from light hadrons. For the
decay muons at pT > 3 GeV/c and the punch-through
hadrons, the difference between the two methods of tun-
ing is assigned as the systematic uncertainty. More de-
tails on the hadron-cocktail simulation and the tuning
procedure are given in [39].
Muons from J/ψ decays are also subtracted in order to
obtain the number of muons from open heavy-flavor de-
cays. From the measurement of the J/ψ invariant cross
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section in the forward region [26] and a decay simulation,
the number of muons from J/ψ decay (NJ/ψ→µ) can be
estimated [42]. The contribution of muons from J/ψ to
the muons from inclusive heavy-flavor decays is ∼ 2% at
low pT and increases up to ∼ 20% at pT > 5 GeV/c.
Because there is a B → J/ψ contribution in the inclusive
J/ψ measurement, a fraction of B is included in NJ/ψ→µ
and subtracted as background. However, the fraction,
NB→J/ψ→µ/NHF, is quite small based on the measure-
ments of the B → J/ψ fraction [46].
Figure 2 shows the pT spectra of inclusive muon tracks
and estimated background components; the relative con-
tribution from each source varies with pT . After sub-
traction of backgrounds from light hadrons and J/ψ, the
pT spectra of muons from open heavy-flavor decays can
be obtained. Figure 3 shows the signal-to-background
ratio ( NHFNDM+NPH+NJ/ψ→µ ) of negatively (top panel) and
positively (bottom panel) charged tracks; blue open cir-
cle (red closed rectangle) points represent the results in
the South (North) arm. Vertical bars (boxes) around
the data points are statistical (systematic) uncertainties;
details on systematic uncertainties will be described in
the following section. Because K+ has a longer nuclear
interaction length than other light hadrons, the signal-to-
background ratio of positively-charged tracks is smaller
than that of negatively-charged tracks.
3. Acceptance and efficiency correction
The acceptance and efficiency correction is evaluated
by using a single-muon simulation. The same simula-
tion procedure as for the hadron-cocktail simulation is
used, and reconstructed muons are filtered with the same
track quality cuts and fiducial cuts as was applied to
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the data. Because detector performance throughout the
data-taking period is stable, one reference run is used
to calculate the correction factors. The variation of the
number of muon candidates per event throughout the
data-taking period is 8.1% (4.6%) for the South (North)
arm, and the quadratic sum with the systematic uncer-
tainty on the MuTr (4%) and MuID (2%) is assigned to
the systematic uncertainty on the acceptance and effi-
ciency correction.
4. Systematic uncertainty
There are three major sources of systematic uncer-
tainty; the background estimation (δbkg), the acceptance
and efficiency correction (δAε), and the BBC efficiency
(δBBC).
The sources of δbkg are listed here:
δtrig: A 5% (15%) systematic uncertainty is assigned to
the MuID trigger efficiency for tracks at MuID
Gap4 (Gap3) by considering the statistical uncer-
tainty of tracks in the non-MuID triggered events,
and the uncertainty is included in the systematic
uncertainty on the NDM (Gap4) and NPH (Gap3).
δsim: The hadron-cocktail simulation with the thick ab-
sorber (∼ 13λI) can be a source of systematic un-
certainty. In case of the NDM in pT < 3 GeV/c
where background can be constrained with muons,
a 10% systematic uncertainty is assigned conserva-
tively due to extraction of the slope in the normal-
ized zvtx distributions. The difference between the
two methods of tuning described in Sec. III B 2 is
assigned to the systematic uncertainty on the NDM
in pT > 3 GeV/c and the NPH. The systematic un-
certainty on the NDM (NPH) is 10–15% (10–40%)
depending on pT .
δinput: Because there is no precise measurement of pi
±
and K± production at forward rapidity, a 30% sys-
tematic uncertainty is assigned to the estimation of
K/pi ratio based on the systematic uncertainty of
measurements at midrapidity [43, 44]. The impact
on NHF is evaluated by performing the hadron-
cocktail tuning procedure with various initial K/pi
ratios, and the variation of NHF is less than 10%.
The uncertainty on the shape of the pT distribu-
tion is negligible, because the tuning of the hadron-
cocktail simulation can take into account a pT de-
pendence. A 10% systematic uncertainty is as-
signed to NHF conservatively.
δJ/ψ→µ: The upper and lower limit of systematic un-
certainty on the J/ψ cross section measurement is
taken into account for the systematic uncertainty
on NJ/ψ→µ. The contribution from B decays is
also considered. A 3% systematic uncertainty is
assigned to the NHF due to the uncertainty on the
NJ/ψ→µ.
For the systematic uncertainty on the NHF, the δtrig
and δsim on the NDM (NPH) are propagated into the NHF
with the ratio of NDM/NHF (NPH/NHF). This propa-
gated uncertainty is combined with the δinput and δJ/ψ→µ
on the NHF as a quadratic sum. The δbkg is 8–40%, de-
pending on pT .
There are also systematic uncertainties on the accep-
tance and efficiency correction (δAε) and the BBC effi-
ciency (δBBC); see the discussion in [37]. For the δAε, all
sources described in Sec. III B 3 are added in quadrature,
and 9.3% and 6.4% systematic uncertainties are assigned
to the South and North arm, respectively.
Table II summarizes the systematic uncertainty on the
cross section of muons from open heavy-flavor decays,
and the quadratic sum of the three components is the
final systematic uncertainty.
TABLE II. Summary of systematic uncertainties on the cross
section of muons from open heavy-flavor decays.
Component Value
δbkg background estimation 8–40%, varies with pT
δAε Acceptance and efficiency 9.3%(S), 6.4%(N)
δBBC BBC efficiency 10.1%
sum 17–43%, varies with pT
8C. Transverse Single-Spin Asymmetry
1. Determination of the TSSA
Both of the proton beams are transversely polarized
at the interaction point. The TSSA (AN ) in the yield
of muons from heavy-flavor decays is obtained for each
beam separately by summing over the spin information
of the other beam. The final asymmetry is calculated
as the weighted average of the asymmetries for the two
beams.
The maximum likelihood method is used for this mea-
surement. The likelihood L is defined as,
L =
∏
(1 + P ·AN sin(φpol − φi)), (2)
where P is the polarization, φpol is the direction of beam
polarization (+pi2 or −pi2 ), and φi is the azimuthal angle
of each track in the PHENIX lab frame. The unbinned
likelihood method is used in this study, so that the re-
sult is not biased by low statistics bins. The likelihood
function is usually written in logarithmic form
logL =
∑
log(1 + P ·AN sin(φpol − φi)), (3)
The AN value is determined by maximizing logL. The
statistical uncertainty of the log-likelihood estimator is
related to its second derivative,
σ2(AN ) = (− ∂
2L
∂A2N
)−1. (4)
2. Inclusive- and background-asymmetry estimation
We study tracks that penetrate to the last MuID gap
(Gap4); these tracks are created by muons from open
heavy-flavor decays, punch-through hadrons, muons from
light hadrons, and muons from J/ψ decay. The contri-
bution from other sources is negligible as discussed in
Sec. III B 2. To obtain the asymmetry of muons from
open heavy-flavor decays (AHFN ), the asymmetry of the
background from light hadrons (AhN ) and muons from
J/ψ (A
J/ψ→µ
N ) should be eliminated from the asymme-
try of inclusive muon candidates (AinclN ). Because hadron
tracks can be selected with the pz cut, A
h
N is obtained
from the asymmetry of stopped hadrons at MuID Gap3.
Possible differences between the AN of stopped hadrons
at MuID Gap3 and the mixture of decay muons and
punch-through hadrons at MuID Gap4 is studied with
the hadron-cocktail simulation. The details are described
in Sec. III C 3.
For the estimation of A
J/ψ→µ
N , a previous PHENIX
A
J/ψ
N measurement [24] is used. The asymmetry of single
muons from J/ψ decay (A
J/ψ→µ
N ) is estimated from a
decay simulation with the initial A
J/ψ
N in [24] (A
J/ψ
N =−0.002 ± 0.026 at xF < 0, and −0.026 ± 0.026 at xF >
0). The initial pT and rapidity distributions of J/ψ are
taken from [26]. The obtained A
J/ψ→µ
N is −0.002+0.018−0.022
at xF < 0 and −0.019+0.019−0.025 at xF > 0. A possible effect
from J/ψ polarization is tested by assuming maximum
polarization, and the variation of A
J/ψ→µ
N is < 0.001.
Because the variation due to J/ψ polarization is much
smaller than the variation from the uncertainty of A
J/ψ
N ,
the J/ψ polarization effect is not included to evaluate
A
J/ψ→µ
N and the systematic uncertainty.
Once AhN and A
J/ψ→µ
N are determined, the AN of
muons from open heavy-flavor decays and its uncertainty
can be obtained as
AHFN =
AinclN − fh ·AhN − fJ/ψ ·AJ/ψ→µN
1− fh − fJ/ψ , (5)
δAHFN =
√
(δAinclN )
2 + f2h · (δAhN )2 + f2J/ψ · (δAJ/ψ→µN )2
1− fh − fJ/ψ ,
(6)
where fh = (NDM + NPH)/Nincl is the fraction of the
light-hadron background, and fJ/ψ = NJ/ψ→µ/Nincl is
the fraction of muons from J/ψ. Both fractions (fh and
fJ/ψ) are determined from the background estimation
described above. δA
J/ψ→µ
N , estimated from the previ-
ous PHENIX measurement, is included in the systematic
uncertainty.
3. Systematic Uncertainty
The systematic uncertainty is determined from vari-
ation of AHFN between the upper and lower limit of
each background source. An additional systematic un-
certainty is derived from the comparison between the
two AHFN calculation methods; the maximum likelihood
method (Eq. (3)) and the polarization formula (Eq. (7)).
The final systematic uncertainty is calculated as the
quadratic sum of systematic uncertainties from each
source (δAδfhN , δA
h
N , δA
J/ψ→µ
N , and δA
method
N ), described
here:
δAδfhN : Systematic uncertainty on the fraction of light-
hadron background (δfh) from Fig. 3 is an impor-
tant source of systematic uncertainty on AHFN . The
upper and lower limits of AHFN are calculated us-
ing Eq. (5) with the upper and lower limits of the
fraction of the light-hadron background (fh± δfh).
δAhN : The asymmetry of the light-hadron background
(AhN ) at MuID Gap4 is estimated by using stopped
hadrons at MuID Gap3. Due to decay kinematics,
the AhN at MuID Gap4 can be different from the A
h
N
9measured at MuID Gap3. In order to quantify the
difference, a simulation study using the decay kine-
matics of light hadrons from the hadron-cocktail
in Sec. III B 2 and an input asymmetry (AinputN ) is
performed. AinputN is taken as 0.02×pT (with pT in
GeV/c) at pT < 5 GeV/c and 0.1 at pT > 5 GeV/c,
based on the most extreme case of AhN measured at
MuID Gap3. The detailed procedure is as follows:
1. Generate a random spin direction (↑,↓) for all
tracks.
2. Apply a weight (1 ± AinputN · cosφ0) for each
track based on the manually assigned initial
asymmetry (AinputN ). The sign is determined
from the random polarization direction in step
1, and φ0 is the azimuthal angle of the track
at the generation level.
3. Extract ArecoN of the tracks at MuID Gap3 and
Gap4 with the azimuthal angle and momen-
tum of the reconstructed tracks by fitting the
asymmetry of the two polarization cases with
ArecoN · cosφ0.
The largest difference between ArecoN at MuID Gap3
and Gap4 is ∼ 0.008 in the entire pT range, so
±0.008 is assigned to the systematic uncertainty.
In the case of xF binning, the difference of A
reco
N at
MuID Gap3 and Gap4 is quite small (< 0.001).
δA
J/ψ→µ
N : The systematic uncertainty from A
J/ψ→µ
N is
determined from the J/ψ → µ simulation with the
upper and lower limits of A
J/ψ
N in [24]. Propagation
to AHFN is calculated using Eq. (5). The effect from
B → J/ψ is negligible due to its small fraction in
the inclusive J/ψ.
δAmethodN : The A
incl
N results from the maximum likelihood
method at Eq. (3) are compared with result using
the polarization formula at Eq. (7). Because the
measurement of AhN using tracks at MuID Gap3
suffer from large statistical fluctuations, the differ-
ence of two methods with inclusive tracks at MuID
Gap4 is used for both AinclN and A
h
N variations us-
ing Eq. (5). AN (φ) of inclusive tracks for each pT
or xF bin is calculated as,
AN (φ) =
σ↑(φ)− σ↓(φ)
σ↑(φ) + σ↓(φ)
=
1
P
·N
↑(φ)−R ·N↓(φ)
N↑(φ) +R ·N↓(φ) , (7)
where P is the average beam polarization, σ↑, σ↓
are cross sections for each polarization, N↑, N↓ are
yields for two polarizations and R = L↑/L↓ is the
relative luminosity where the luminosity (L↑, L↓) is
measured by the BBC detectors. AinclN is calculated
by fitting the AN (φ) distribution with a function
±AN · cosφ, where ± depends on the beam direc-
tion. The systematic uncertainty on AHFN is eval-
uated by propagating variations of AinclN and A
h
N
between the maximum likelihood method and the
polarization formula.
IV. RESULTS
A. Cross section of muons from open heavy-flavor
decays
The invariant cross section of muons from open heavy-
flavor decays is calculated as
E
d3σ
dp3
=
1
2pipT∆pT∆y
(NHF/ε
HF
BBC) · σinelpp
(Nevt/εMBBBC) ·Aε
, (8)
where ∆pT and ∆y are the bin widths in pT and y, Nevt
is the number of sampled MB events, εMBBBC (ε
HF
BBC) is
the BBC correction factor for the trigger efficiency of
MB events (events containing muons from open heavy-
flavor decays), Aε is the detector acceptance and track
reconstruction efficiency, and σinelpp = 42 ± 3 mb is the
inelastic cross section of p+p collisions at
√
s = 200 GeV.
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Figure 4 shows the invariant cross section of positively-
(open square) and negatively-charged (open circle),
muons from open heavy-flavor decays as a function of
pT in p+p collisions at
√
s = 200 GeV. Vertical bars
(boxes) correspond to the statistical (systematic) uncer-
tainties. The previous PHENIX results for negatively
charged muons [40] are shown and vertical bars represent
10
total uncertainties. The bottom panel shows the ratio
between positively- and negatively-charged muons from
open heavy-flavor decays (red open circles); the two pT
spectra are consistent within the systematic uncertain-
ties which are dominated by the uncertainty from the
hadron contamination. The comparison with the previ-
ous PHENIX results for negative muons is also presented
as a ratio (black diamonds); the fit function in [40] is used
to make a ratio at pT > 4.0 GeV/c. The uncertainties
from the new results are included in the ratio, and two
results are in good agreement.
B. Transverse single-spin asymmetry
The TSSA of muons from open heavy-flavor decays is
calculated by using Eq. (5) and the statistical uncertainty
is determined by using Eq. (6). Figures 5 and 6 present
the TSSA of negatively- (Aµ
−
N ) and positively- (A
µ+
N )
charged muons from open heavy-flavor as a function of
pT in the forward (xF > 0) and backward (xF < 0)
regions with respect to the polarized-proton beam direc-
tion. Figure 7 shows the TSSA versus xF of muons from
open heavy-flavor decays. Vertical bars (boxes) represent
statistical (systematic) uncertainties; a scale uncertainty
from the polarization (3.4%) is not included. Aµ
+
N in the
negative xF region, shown in the left panel of Fig. 6,
shows some indication of a negative asymmetry; in the
combined pT range of 2.5 < pT < 5.0 GeV/c the asym-
metry is −0.117±0.048(stat)±0.037(syst). However, the
combined asymmetries for all pT or xF bins are consis-
tent with zero within total uncertainties. Other results
for Aµ
+
N at positive xF and A
µ−
N in all kinematic regions
are consistent with zero within statistical uncertainties.
The results are tabulated in Tables IV and V, while Ta-
bles VI and VII, list the systematic uncertainties from
each source.
V. DISCUSSION
Figure 8 shows the charge-combined, invariant cross
section of muons from open heavy-flavor decays as a
function of pT . Vertical bars (boxes) correspond to the
statistical (systematic) uncertainties. The solid line in
Fig. 8 represents the fixed-order-plus-next-to-leading-log
(FONLL) calculation of muons from open heavy-flavor
decays from charm and bottom [47], and the band around
the line represents the systematic uncertainty from the
renormalization scale, factorization scale, and heavy (c
and b) quark masses. The bottom panel shows the ratio
between the data and the FONLL calculation. In gen-
eral, the agreement between the data and the FONLL
prediction becomes better with increasing pT where the
systematic uncertainties of both are decreasing. At
pT < 4 GeV/c where the charm contribution is larger
than that from bottom, the measured yield is larger than
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FIG. 5. AN of negatively-charged muons from open heavy-
flavor decays as a function of pT in the backward (xF < 0,
left) and forward (xF > 0, right) regions. Vertical bars
(boxes) represent statistical (systematic) uncertainties. Solid
and dashed lines represent twist-3 model calculations [27], de-
scribed in Sec. V.
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(boxes) represent statistical (systematic) uncertainties. Solid
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the FONLL calculation, but systematic uncertainties are
large in both the data and the theoretical calculation.
Recently, a theoretical approach within the gluon satu-
ration (Color-Glass-Condensate) framework also presents
the cross section of leptons from heavy-flavor decays in
p+p and p+A collisions [48].
A recent theoretical calculation [27] incorporating the
collinear factorization framework makes predictions for
AN in the production of D-mesons (A
D
N ) produced by
the gluon-fusion (gg → cc¯) process and therefore is sensi-
tive to the trigluon correlation functions which depend on
the momentum fraction of the gluon in the proton in the
infinite-momentum frame (x-Bjorken). Two model cal-
culations, assuming either a linear x-dependence (Model
1 in Fig. 5, 6, and 7) or a
√
x-dependence (Model 2 in
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Fig. 5, 6, and 7), for the nonperturbative functions partic-
ipating in the twist-3 cross section for ADN are introduced
to compare their behavior in the small-x region, and the
overall ADN scale is determined by assuming |ADN | ≤ 0.05
at |xF | < 0.1.
To compare with our results for AµN , the decay kine-
matics and cross section of D → µ from pythia [49]
have been used to convert ADN into A
µ
N . The the-
ory calculations of the xF and pT dependence of AN
for D0, D¯0, D+, and D− at −0.6 < xDF < 0.6 and
1 < pDT < 10 GeV/c are used as the input A
D
N to the
simulation. A similar procedure to that described in the
systematic-uncertainty evaluation for δAhN is used. A
weight of (1±ADN (pDT , xDF ) · sin(φD −φpol)) is applied for
each muon from a D meson and the sign is determined
with a random polarization direction (↑,↓). Then, AµN is
extracted by fitting the asymmetry of the two polariza-
tion cases with AµN · cosφµ.
Figure 9 shows the pT and |xF | distributions of D
mesons which decay into muons in the kinematic range of
this measurement (1.25 < pµT < 5.0 GeV/c, 0.0 < |xµF | <
0.2, and 1.4 < |yµ| < 2.0); accepted charm hadrons com-
prise D0(18.7%), D¯0(20.3%), D+(24.2%), D−(26.1%),
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FIG. 8. (top) Charge-combined, invariant cross section of
muons from open heavy-flavor decays as a function of pT in
p+p collisions at
√
s = 200 GeV at forward rapidity. The solid
line and band represent the FONLL calculation for charm and
bottom and its systematic uncertainty. The dashed and dot-
ted curves show contributions from charm and bottom sep-
arately. (bottom) Ratio between the data and the FONLL
calculation. Vertical lines (boxes) represent statistical (sys-
tematic) uncertainties of the data.
and others (D+s , D
−
s , and baryons). Because A
D0
N and
AD
+
N (A
D¯0
N and A
D−
N ) are very close in both models, the
effect of potential different abundance of D mesons be-
tween the data and pythia is negligible. In addition,
the modification of AN due to azimuthal smearing from
the D-decay is quite small (< 5% relative difference be-
tween ADN and A
µ
N ) in p
µ
T > 1.25 GeV/c. One notes that
muons from charm and bottom are combined in the data,
and the contribution from bottom is about 2% (55%) at
pT = 1 GeV/c (5 GeV/c) according to the FONLL calcu-
lation shown in Fig. 8. Therefore, the charm contribution
is expected to be dominant except for the last pT bin of
AµN (3.5 < pT < 5 GeV/c). In addition, subprocesses
other than gluon-fusion can contribute to the measured
yield of muons from heavy-flavor decays. The converted
AN of muons from D mesons are shown in Fig. 5, 6,
and 7, and both calculations are in agreement with the
data within the statistical uncertainties. The difference
between two models becomes larger at increasing |xF |,
but it is hard to distinguish these two models due to the
limited xF coverage for this measurement (〈|xµF |〉=0.04,
0.07).
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FIG. 9. (a) pT and (b) |xF | distributions of D mesons (D0,
D¯0, D+, and D−) decaying into µ± in 1.25 < pµT < 5.0,
0.0 < |xµF | < 0.2 and 1.4 < |yµ| < 2.0 from pythia. Each
distribution is normalized to unity.
VI. SUMMARY
We have reported the cross section and transverse
single-spin asymmetry of muons from open heavy-flavor
decays at 1.4 < |y| < 2.0 in transversely-polarized p+p
collisions at
√
s = 200 GeV. Comparing with previous
measurements by PHENIX, the cross section and asym-
metry for positively-charged muons from open heavy-
flavor decays are measured for the first time with the help
of additional absorber material in the PHENIX muon
arms. In the comparison with the FONLL calculation,
the FONLL prediction is smaller than the measured cross
section at low pT where both experimental and theoret-
ical systematic uncertainties are large, but it shows an
agreement at pT > 4 GeV/c within systematic uncer-
tainties.
Following the cross section results, we have measured
the single-spin asymmetry of muons from open heavy-
flavor decays for the first time. There is no clear in-
dication of a nonzero asymmetry in the results, which
have relatively large statistical uncertainties. Theoret-
ical calculations of AN for D-meson production which
take into account trigluon correlations are converted into
AN for muons with the help of pythia to compare di-
rectly with the data. The calculations are in agreement
with the data within experimental uncertainties. Future
studies with improved statistics (6.5 times current inte-
grated luminosity of this analysis), using data taken with
the PHENIX detector at RHIC in 2015, could provide
further constraints on the trigluon correlation functions.
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TABLE III. Data table for the invariant cross section of muons from open heavy-flavor decays in 1.4 < |y| < 2.0.
pT (GeV/c) E
d2σ
dp3
(mb GeV−2) stat uncert. syst uncert. pT (GeV/c) E d
2σ
dp3
(mb GeV−2) stat uncert. syst uncert.
1.375 7.9× 10−5 9.4× 10−7 2.4× 10−5 3.25 3.1× 10−7 1.1× 10−8 4.5× 10−8
1.625 3.3× 10−5 3.7× 10−7 8.2× 10−6 3.75 9.8× 10−8 5.0× 10−9 1.4× 10−8
1.875 1.2× 10−5 1.8× 10−7 2.9× 10−6 4.25 3.2× 10−8 2.8× 10−9 4.7× 10−9
2.125 5.2× 10−6 1.0× 10−7 1.2× 10−6 4.75 1.7× 10−8 1.8× 10−9 2.4× 10−9
2.375 2.4× 10−6 5.9× 10−8 4.7× 10−7 5.5 4.5× 10−9 6.1× 10−10 6.5× 10−10
2.625 1.4× 10−6 3.8× 10−8 2.4× 10−7 6.5 1.1× 10−9 3.3× 10−10 2.0× 10−10
2.875 6.8× 10−7 2.6× 10−8 1.1× 10−7
TABLE IV. Data table for AN of muons from open heavy-flavor decays as a function of pT .
Forward (xF > 0) Backward (xF < 0)
muon pT bin (GeV/c) AN δA
stat
N δA
syst
N pT bin (GeV/c) AN δA
stat
N δA
syst
N
µ− (1.25, 1.50) -0.101 ±0.088 +0.047−0.095 (1.25, 1.50) -0.138 ±0.086 +0.061−0.146
(1.50, 2.00) -0.003 ±0.060 +0.027−0.027 (1.50, 2.00) 0.110 ±0.060 +0.084−0.047
(2.00, 2.50) 0.045 ±0.077 +0.034−0.027 (2.00, 2.50) -0.060 ±0.076 +0.034−0.051
(2.50, 3.00) 0.016 ±0.077 +0.017−0.016 (2.50, 3.00) 0.022 ±0.076 +0.020−0.019
(3.00, 3.50) -0.056 ±0.094 +0.014−0.015 (3.00, 3.50) -0.002 ±0.093 +0.014−0.014
(3.50, 5.00) 0.087 ±0.104 +0.028−0.025 (3.50, 5.00) 0.018 ±0.104 +0.013−0.013
µ+ (1.25, 1.50) 0.030 ±0.069 +0.035−0.035 (1.25, 1.50) -0.004 ±0.066 +0.033−0.033
(1.50, 2.00) -0.009 ±0.040 +0.026−0.026 (1.50, 2.00) -0.010 ±0.039 +0.025−0.025
(2.00, 2.50) 0.072 ±0.055 +0.036−0.027 (2.00, 2.50) -0.021 ±0.054 +0.025−0.027
(2.50, 3.00) 0.056 ±0.065 +0.028−0.022 (2.50, 3.00) -0.127 ±0.066 +0.034−0.049
(3.00, 3.50) 0.147 ±0.087 +0.038−0.029 (3.00, 3.50) -0.139 ±0.088 +0.033−0.045
(3.50, 5.00) -0.104 ±0.108 +0.035−0.046 (3.50, 5.00) -0.054 ±0.109 +0.016−0.016
TABLE V. Data table for AN of muons from open heavy-flavor decays as a function of xF .
muon xF bin < xF > AN δA
stat
N δA
syst
N muon xF bin < xF > AN δA
stat
N δA
syst
N
µ− (-0.20, -0.05) -0.07 0.003 ±0.048 +0.007−0.013 µ+ (-0.20, -0.05) -0.07 -0.030 ±0.035 +0.009−0.014
(-0.05, 0.00) -0.04 -0.009 ±0.061 +0.006−0.010 (-0.05, 0.00) -0.04 -0.026 ±0.043 +0.009−0.026
(0.00, 0.05) 0.04 -0.030 ±0.062 +0.010−0.015 (0.00, 0.05) 0.04 -0.004 ±0.045 +0.005−0.013
(0.05, 0.20) 0.07 0.019 ±0.047 +0.009−0.007 (0.05, 0.20) 0.07 0.058 ±0.035 +0.023−0.013
TABLE VI. Sources of δAsystN for muons as a function of pT .
Forward (xF > 0) Backward (xF < 0)
muon pT bin (GeV/c) δA
δfh
N δA
h
N δA
J/ψ→µ
N δA
method
N pT bin (GeV/c) δA
δfh
N δA
h
N δA
J/ψ→µ
N δA
method
N
µ− (1.25, 1.50) +0.036−0.090
+0.030
−0.030
+0.001
−0.000
+0.008
−0.008 (1.25, 1.50)
+0.054
−0.143
+0.030
−0.030
+0.000
−0.000
+0.003
−0.003
(1.50, 2.00) +0.003−0.001
+0.026
−0.026
+0.001
−0.001
+0.004
−0.004 (1.50, 2.00)
+0.079
−0.038
+0.027
−0.027
+0.001
−0.001
+0.007
−0.007
(2.00, 2.50) +0.024−0.012
+0.023
−0.023
+0.003
−0.003
+0.006
−0.006 (2.00, 2.50)
+0.022
−0.044
+0.023
−0.023
+0.003
−0.003
+0.010
−0.010
(2.50, 3.00) +0.004−0.004
+0.014
−0.014
+0.005
−0.003
+0.007
−0.007 (2.50, 3.00)
+0.009
−0.006
+0.014
−0.014
+0.004
−0.004
+0.010
−0.010
(3.00, 3.50) +0.008−0.011
+0.010
−0.010
+0.005
−0.004
+0.001
−0.001 (3.00, 3.50)
+0.003
−0.004
+0.010
−0.010
+0.005
−0.005
+0.008
−0.008
(3.50, 5.00) +0.018−0.014
+0.009
−0.009
+0.007
−0.005
+0.019
−0.019 (3.50, 5.00)
+0.001
−0.002
+0.009
−0.009
+0.006
−0.006
+0.007
−0.007
µ+ (1.25, 1.50) +0.007−0.008
+0.034
−0.034
+0.000
−0.000
+0.007
−0.007 (1.25, 1.50)
+0.001
−0.001
+0.032
−0.032
+0.000
−0.000
+0.001
−0.001
(1.50, 2.00) +0.004−0.007
+0.025
−0.025
+0.001
−0.001
+0.001
−0.001 (1.50, 2.00)
+0.001
−0.003
+0.025
−0.025
+0.001
−0.001
+0.003
−0.003
(2.00, 2.50) +0.028−0.015
+0.023
−0.023
+0.003
−0.002
+0.003
−0.003 (2.00, 2.50)
+0.005
−0.011
+0.022
−0.022
+0.002
−0.002
+0.011
−0.011
(2.50, 3.00) +0.021−0.014
+0.017
−0.017
+0.004
−0.003
+0.006
−0.006 (2.50, 3.00)
+0.029
−0.046
+0.017
−0.017
+0.003
−0.003
+0.006
−0.006
(3.00, 3.50) +0.035−0.025
+0.013
−0.013
+0.005
−0.003
+0.007
−0.007 (3.00, 3.50)
+0.027
−0.041
+0.013
−0.013
+0.004
−0.004
+0.012
−0.012
(3.50, 5.00) +0.031−0.043
+0.013
−0.013
+0.006
−0.004
+0.008
−0.008 (3.50, 5.00)
+0.004
−0.004
+0.013
−0.013
+0.005
−0.005
+0.005
−0.005
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